Velocity map imaging (VMI) measurements and quasi-classical trajectory (QCT) calculations on a newly developed, global potential energy surface (PES) combine to reveal the detailed mechanisms of reaction of Cl atoms with n-pentane. Images of the HCl(v=0, J=1, 2 and 3) products of reaction at a mean collision energy of 33.5 kJ mol -1 determine the centre-of-mass frame angular scattering and kinetic energy release distributions. The HCl products form with relative populations of J= 05 levels that fit to a rotational temperature of 138  13 K. Product kinetic energy release distributions agree well with those derived from a previous VMI study of the pentyl radical co-product [Estillore et al., J. Chem. Phys. 2010, 132, 164313], but the angular distributions show more pronounced forward scattering. The QCT calculations reproduce many of the experimental observations, and allow comparison of the site-specific dynamics of abstraction of primary and secondary H-atoms. They also quantify the relative reactivity towards Cl atoms of the three different H-atom environments in npentane.
Introduction
Reactions of organic molecules with Cl atoms contribute to atmospheric oxidation pathways in the marine boundary layer and coastal regions of the lower troposphere, 1,2 with H-atom abstraction followed by O2 addition providing a source of peroxy radicals. 3, 4 Cl can also add across C=C bonds in unsaturated organic compounds such as isoprene, 5, 6 and recent studies examined the subsequent pathways to HCl elimination. [7] [8] [9] [10] The Cl-atom reactions with methane, ethane, larger alkanes and other organic compounds serve as model systems for the study of dynamics of gas-phase reactions of polyatomic molecules, [11] [12] [13] with detailed investigations performed in a number of laboratories. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Selected examples have also been the subjects of computer simulation using global potential energy surfaces 10, 24 or direct dynamics calculations, [25] [26] [27] with calculated product quantum state populations and state-resolved differential cross sections that are in reasonable accord with experimental data. A combination of the experimental and computational outcomes has highlighted the importance of weak interactions in the post-transition state (TS) region in determining product quantum state distributions. 12, 25, [28] [29] [30] [31] Chlorine atom reactions with alkanes, alkenes, alcohols and other organic compounds are also being examined in liquid solutions to explore how solvents modify the reaction rates and dynamics. [32] [33] [34] [35] The reactions of Cl atoms with larger alkanes than ethane reveal a variety of mechanistic complexities, 13 and these are the subject of the current experimental and computational study of the Cl + n-pentane reaction. For example, the relative reactivities and scattering dynamics may differ for abstraction of primary and secondary hydrogen atoms, as might the mechanisms of reactions of structural isomers. Tyndall et al. 36 addressed the question of relative reactivities and reported 43  3 % 1-propyl and 57  3 % 2-propyl yields in the reaction of Cl with propane at 296 K, which agree within the mutual uncertainties with more recent measurements at 298 K by Choi et al. 33 For the Cl + n-butane reaction, the respective 1-butyl and 2-butyl radical yields from the study by Tyndall et al. were 29  2 % and 71  2 %. Selective deuteration of primary or secondary sites provides some further evidence for a preference for abstraction from secondary (or tertiary) sites by Cl atoms at super-thermal collision energies, 34, 37, 38 although the isotopic substitution may itself modify the reactivity. However, Estillore et al. 39 studied the Cl atom reaction with CD3CH2CH2CD3 and concluded that the angular scattering distributions for the channels forming HCl and DCl were identical for chosen collision energies in excess of 20 kJ mol -1 . Suits and coworkers also explored the dependence of the scattering dynamics on alkane isomer for the examples of n-butane versus isobutene, 40 and n-pentane versus isopentane and neopentane, 19 in all cases by detection of the radical products.
The thermal rate coefficient for the Cl + n-pentane reaction reported by Seakins and coworkers indicates a fast reaction with little or no activation barrier. 41 This rate coefficient is an average over reaction sites, but the energy released depends on whether a primary or secondary H atom is abstracted: 42 Cl + n-pentane  HCl + 1-pentyl rH = 8.4 kJ mol -1 (1a)
Cl + n-pentane  HCl + 2-pentyl or 3-pentyl rH = 22.2 kJ mol -1 (1b)
The reactions of Cl with ethane and neopentane, in which only a primary H-atom is available for removal, have reaction enthalpy changes of rH = 8.7  1.6 and 10.5  8.4 kJ mol -1 respectively that are comparable to reaction (1a). 23, 43 The location of primary H atoms at the periphery of an n-pentane molecule favours their abstraction in large impact-parameter collisions with Cl atoms, whereas the greater energy release for reaction (1b) instead might promote secondary H-atom abstraction by moving the TS earlier along the reaction coordinate. The current study examines the product energy disposal for signatures of the different thermochemistries of reactions (1a) and (1b) in the reaction dynamics, and analyses angular scattering distributions for evidence of the preferred impact parameters for reaction.
The relationship between the reaction pathway and the quantum states populated in the product HCl remains largely unaddressed for the larger alkane reactions with chlorine, but the extent of HCl rotational excitation and the associated variation in scattering distributions should be sensitive indicators of the dynamics. 20, 23, 44 Here, we report rotational level populations for nascent HCl(v=0) products of reaction of Cl atoms with n-pentane at an average collision energy of 33.5 kJ mol -1 , and velocity map images obtained for HCl(v=0,J=13) from which we obtain centre-of-mass (CM) frame angular scattering and translational energy distributions. The outcomes are compared with our recent studies of Cl + ethane 29 and Cl + neopentane reactions, 23 and the complementary studies of Cl + npentane by Suits and coworkers in which the pentyl radical products were probed. 19 Quasi-classical trajectory (QCT) calculations on a newly constructed potential energy surface (PES) distinguish the different H-atom abstraction channels to form 1-, 2-and 3-pentyl radical products. The global PES was obtained by fitting discrete structure and energy points from ab initio electronic structure calculations using the empirical valence bond (EVB) formalism. 45, 46 We have previously tested and validated this efficient method for PES generation against experimental data for reactions of Cl atoms with methane and propene. 10, 24 The QCT calculations successfully reproduce most of the experimental results, and explore the competition between primary and secondary H atom abstraction pathways.
Experimental
The experimental apparatus used for the reported measurements has been described previously, 8, 23 and we provide only a brief overview here. Reagent gases (50% Cl2 in Ar, and ~40% n-pentane in Ar, both at backing pressures of 1.5 bar) were introduced into the source region of a linear time-of-flight mass spectrometer (TOF MS) using two separate pulsed valves operating at 10 Hz. The valves pointed parallel to the axis of the TOF MS and were vertically displaced by 17.4 mm, with the upper n-pentane / Ar valve aligned along the central cylindrical axis of the instrument. We refer to this arrangement as a "dual-beam" experiment. 21, 47 The expansion from the n-pentane / Ar valve was partially collimated using a 1-mm diameter skimmer. Photolysis of Cl2 in the lower gas expansion at a photolysis wavelength ph=355 nm (from the third harmonic of a pulsed Nd:YAG laser) released Cl atoms with mean speed of 1680 m/s, some of which intersected the upper molecular beam and reacted with the n-pentane. The resulting collision energies for the Cl + n-pentane reaction and comparative studies of the Cl + ethane reaction were 33.5  8.4 and 27.0  8.4 kJ mol -1 respectively, with the specified ranges mostly arising from the distribution of speeds in the Cl2 beam and estimated as discussed previously. 23 HCl reaction products were ionized by 2+1 resonance enhanced multiphoton ionization (REMPI) through the F 1  Rydberg state, with the REMPI wavelength chosen to detect HCl(v=0,J) products in individual rotational levels from J=0 to 5. 48 The probe laser beam exciting the REMPI transition was tuned to wavelengths around 241 nm, and was focused to a spot either within, or just above the npentane / Ar molecular beam. The consequences of this choice of molecular beam and laser geometries on experimentally determined angular scattering distributions has been discussed in detail elsewhere. 8 Ion optics configured for DC-slice velocity map imaging (VMI) focused the resulting HCl + ions onto a detector consisting of a pair of 75-mm diameter microchannel plates and a P47 phosphor screen. A CCD camera captured points of impact of the ions on the detector, which was gated to generate signals for m/z = 36 ions (H 35 Cl + ) with initial velocity components along the TOF MS axis that were close to zero, giving slices through the 3-dimensional distribution of product recoil velocities.
Stepping the time-delay between the photolysis laser and the probe laser pulse from 8.5 to 12.5 s in intervals of 0.5 s during velocity map image acquisition minimized any systematic bias towards detection of faster or slower moving reaction products in the laboratory frame arising from forward or backward scatter in the centre-of-mass frame. 21 Conversion of experimental images to kinetic energy distributions used pixel-to-speed conversion factors determined by multi-photon excitation of O2 at 224.999 nm 49 and Cl atoms from the 355-nm photolysis of Cl2. The speed resolution of the measurements was ~40 m s -1 ( 5 pixels in the images).
REMPI spectra of HCl(v=0,J) products were measured by scanning the wavelength of the probe laser at a fixed time delay between the two laser pulses of 10.5 s (chosen to minimize bias between detection of HCl products scattered in different directions in the centre-of-mass frame). REMPI signal intensities, integrated across single spectral lines in the R and S branches, were used to deduce relative populations of different J levels. No evidence was found for the formation of HCl(v=1), despite it being energetically accessible under our experimental conditions.
Computational details

Electronic structure calculations
The potential energy surface used in QCT calculations of the dynamics of reaction (1) was constructed from a fit to electronic structure calculations of potential energies at a number of different nuclear geometries. Reactant and product geometries were optimized using unrestricted second-order Møller-Plesset perturbation theory (MP2). Dunning type aug-cc-pVDZ and aug-cc-pV(D+d)Z basis sets were placed on the C and H, and the Cl atoms, respectively. [50] [51] [52] The primary and two secondary Hatom elimination channels were explored by carrying out a series of restricted optimizations at selected reactive C-H and H-Cl bond lengths. To avoid convergence problems characteristic of the levels of theory summarized above, the smaller Pople type 6-31(d,p) basis sets were used on all atoms in these calculations. 53, 54 The three transition state structures were optimized at the UMP2 / 6-31G (d,p) level. The Gaussian 09 suite of codes was used to perform all these calculations. 55 The geometries obtained from the MP2 and UMP2 calculations were used in higher level calculations to obtain potential energies. Basis-set superposition error can adversely affect the topography and relative energies of the PES, hence we sought to minimize this error by using an explicitly correlated electronic structure method which approximates the full basis set energies. The energies of all the optimized structures (i.e., reactive scans, reaction and transition state energies) were therefore computed using explicitly correlated, spin-component-scaled, unrestricted second order Møller-Plesset perturbation theory, SCS-MP2-F12, with the aug-cc-pVDZ basis sets of Yousef and Petersen. 56,57
Empirical Valence Bond Surface
Our established method of constructing reactive EVB surfaces was applied in this study. 10, 24, 58 Firstly, the diagonal terms of the EVB matrix were parameterized; these diagonal terms correspond to the reactants, and the six primary and six secondary radical product states. Fits of the rigid SCS-MP2-F12/ aug-cc-pVDZ scans along the internal coordinates of the pentane molecule and pent-1-yl, pent-2-yl and pent-3-yl radicals returned the bond stretching, angle bending, out-of-plane bending and torsion force constants. In addition to these energy terms, intramolecular van der Waals interactions were added to the force fields of the reactant and product molecule. Only the interactions between atoms separated by 4 or 5 bonds were included in the force field, that is the 1,5 and 1,6 van der Waals energy terms. The parameters for these van der Waals interactions were identical to those of the corresponding intermolecular van der Waals terms.
The off-diagonal coupling terms in the EVB matrix describe the reactive regions between the various product and reactant states. The parameters of the van der Waals interactions and of the coupling terms were determined by fitting the SCS-MP2-F12/aug-cc-pVDZ//MP2/6-31G(d,p) scans for primary and two secondary H-atom abstraction channels using a 1313 EVB matrix, with entries corresponding to reactants and 12 different HCl + pentyl products to incorporate reaction at all H-atom sites. The coupling terms were two-dimensional Gaussian functions which depended on the C-H and H-Cl distances. The four-parameter Buckingham-Corner potential was chosen to account for non-bonding interactions. All of the van der Waals and coupling parameters were adjusted during the EVB fitting;
these fits therefore entailed optimization of 34 parameters using 964 ab initio electronic structure points in the 0-150 kJ mol -1 energy range. The mean unsigned error in the fitted EVB PES was 0.96 kJ mol -1 . The functional forms of force field energy terms are specified elsewhere, 10, 24 and the list of optimized parameters is provided in the Electronic Supplementary Information. The energetics of the EVB PES are compared to known reaction thermochemistries in Section 4.
Quasi-Classical Trajectory Calculations
Quasi-classical trajectory calculations were carried out with the Lynx code developed in our group, details of which will be published elsewhere. The vibrational and rotational motions of the pentane were initialised at 100 K (including 417 kJ mol -1 of vibrational zero point energy (ZPE) in the pentane), and the relative translational energy of the reactants was 33.5 kJ mol -1 to approximate the experimental conditions. The Cl atom was placed at an initial distance of 6 Å from the centre-of-mass of the pentane molecule. This value was determined by running small batches of trajectories at increasing initial separations until the number of reactive events dropped to zero. The impact parameter (from b = 0 -6 Å) and the orientation of the pentane molecule were sampled randomly using standard methods. 59 A velocity Verlet propagator was employed to integrate trajectories over time, with a step size of 0.1 fs which ensured conservation of energy to better than 0.01 kJ mol -1 of the total energy of 460 kJ mol -1 (0.002%). In total, 500,000 trajectories were propagated, out of which 81,000 were reactive. Only those trajectories were retained for further investigation in which both of the final products had an internal energy equal to or greater than their respective ZPEs. Consequently, approximately 13,000 trajectories were analysed.
Analysis of QCT outcomes
The differential cross sections and opacity functions obtained from QCT calculations were expanded in terms of Legendre polynomials. 60, 61 The translational energy distribution functions were also approximated by Legendre polynomial expansions of order Nl, as shown in Eq. (2), using a reduced translational energy variable defined by equation (3). Here, Etr,max is the maximum possible translational energy release.
The QCT calculation outputs can be processed to simulate directly experimental observables such as velocity map images. Full 3D scattering images were synthesized from computational results using a series expansion in terms of real spherical harmonics. Assuming cylindrical symmetry about the initial relative velocity vector, the scattering probability becomes a function of the reduced final relative velocity vector and the scattering angle θ:
Here, the reduced final relative velocity, ̃, is defined in terms of the magnitudes of the final relative velocity ( ′) and the maximum final relative velocity ( ′ ) vectors.
The expansion coefficients are obtained as the expectation values of the coupled real spherical harmonics from a total of Nsel trajectories:
Results and discussion
Nascent HCl(v=0, J) products from the Cl + n-pentane reaction were detected by REMPI and velocity map imaging in specific rotational levels. The analysed results from the VMI studies are presented here in three different sub-sections: HCl rotational level population distributions; quantum-state resolved HCl angular distributions; and total kinetic energy release (TKER) distributions. To explore the competition between the primary and secondary hydrogen abstraction pathways, these experimental results are compared with the outcomes from previous studies of the Cl + ethane 25, 27 and Cl + neopentane reactions. 23 The dynamical differences between the primary and two secondary H-atom abstraction channels are investigated quantitatively with the help of QCT calculations. However, we begin this section with a description of the EVB PES, and a comparison of the computed energy landscape to energies deduced from the thermochemistry of the reactants and products.
Computed Energetics
Reactions (1a) and (1b) summarize the three possible reaction pathways in the Cl + n-pentane reaction. The Cl atom can abstract either a primary H atom from carbons C1 or C5 in the pentane backbone to produce a 1-pentyl radical (denoted here as primary-1), or a secondary H atom from equivalent atoms C2 and C4 (secondary-2) or the central C3 carbon atom (secondary-3), to produce 2pentyl or 3-pentyl radicals respectively. The ab-initio and zero-point-energy corrected energetics of stationary points for the three reaction pathways are compared in Fig.1 . Slices through the ab initio PES and the EVB fit are presented in Fig. 2 for the three reaction pathways.
Although the thermochemistry predicts both primary and secondary hydrogen abstraction channels of the Cl + n-pentane reaction are exothermic, the SCS-MP2-F12/aug-cc-pVDZ reaction energies are endothermic before ZPE correction. Stationary point energies from electronic structure calculations and their global EVB fit are presented in Table 1 . After ZPE correction, ab-initio reaction energies are -6.5 kJ mol -1 and -15.5/-14.1 kJ mol -1 for primary and secondary H-atom abstraction channels respectively and the corresponding reaction energies from the EVB fit are -9 kJ mol -1 and -14 kJ mol -1 .
These computed energies are reasonably close to the reaction thermochemistry values. The TSs for secondary channels have submerged barriers (relative to reactants) and the TS for the primary channel is ~13-17 kJ mol -1 higher than that for the secondary channels. Pre-and post-reaction complexes are located before and after the TSs. The post-reaction complexes have well depths of ~18 kJ mol -1 with respect to reactants for all three reaction channels on the ab-initio PES. However, the EVB fit gives a difference of ~ 12 kJ mol -1 between 1-pentyl-HCl and 2-pentyl/3-pentyl-HCl post-TS complexes. The transition state geometry influences the product energy state distributions for different reaction channels, and important geometric parameters of the three different transition states are compared in Table 2 . In all cases, the Cl atom aligns almost collinearly with the reactive C-H bond in the transition state. This collinear geometry affects the HCl rotational distributions, as is discussed in section 4.2.
The transition states are neither particularly early nor late along the reaction path: both the C-H and H-Cl distances are longer than their equilibrium distances by ~0.2 Å, although the TS for the more exothermic secondary H abstraction shifts towards the reactants, consistent with Hammond's postulate. Therefore, the reaction exothermicity is expected to partition between product translational and vibrational modes, but the energy released by the reaction is not high enough to
excite high frequency H-Cl and C-H stretching modes without converting some of the collision energy into internal motions. Instead, low-frequency modes of the pentyl radical might be excited. In this wavelength region, the spectrum is resonance enhanced at the two-photon level by the F 1  Rydberg state. The spectral features are assigned as R-and S-branch lines originating from low J rotational levels, with assignments confirmed by a PGOPHER simulation 62 with spectroscopic constants from Green et al. 48 The rotational distributions of HCl (v=0) products from our experimental measurements are shown in Fig. 4(a) . Relative populations of HCl (v=0) rotational levels were obtained by correcting the integrated line intensities using factors obtained in a previous study. 29 Nascent HCl products are mostly formed in low rotational levels (J ≤ 5), and the population distribution peaks at J = 2. These populations are compared in Fig. 4(a) with those determined previously in our laboratory for reactions of Cl atoms with ethane 29 and neopentane 23 and the distributions are similar. The relative populations, when fitted to a Boltzmann distribution, correspond to rotational temperatures of 138  13 K (Cl + n-pentane), 123  6 K (Cl + ethane) 29, 63 and 82  5 K (Cl + neopentane). 23 The rotational distributions observed in these and other Cl + alkane reactions are generally colder than the predictions of a kinematic model, 64 and are instead indicative of a linear transition state and post-TS dynamics that further suppress rotational excitation of the nascent HCl. 28, 30 Our calculations suggest an almost collinear Cl-H-C geometry in the TS and weak post-TS interactions between HCl and the nonpolar pentyl radical which are consistent with the experimental outcomes. The similarity between the rotational distributions in Fig. 4 (a) merits further consideration because the Cl + ethane and Cl + neopentane reactions involve abstraction of a primary H-atom, whereas Cl + n-pentane has competing primary and secondary H-abstraction paths. One possible conclusion is that primary H-atom abstraction dynamics dominate the reaction of Cl atoms with n-pentane at our superthermal collision energies. More likely is that both pathways contribute, as suggested by previous studies of ratios of reaction at primary and secondary sites in alkanes, 34, [36] [37] [38] [39] in which case we deduce similar dynamics of HCl production at the two abstraction sites despite the difference in rH values.
HCl rotational distributions
The abstraction of a secondary H atom is about twice as exothermic as the primary H-atom channel;
if all this additional energy entered HCl rotation, it would result in a ~500 K increase in the rotational temperature. The kinematics of these light-atom transfer reactions approximately conserve the initial collision energy of the reactants into the average kinetic energy of the products. 13, 65 For reaction (1), secondary H-atom abstraction might therefore be expected to promote higher internal energy of the two products because of the greater reaction exothermicity. Moreover, the transition state typically moves earlier along the reaction coordinate with increasing reaction exothermicity, which favours internal excitation of products. However, this behaviour is not clearly observed for HCl rotation and vibration following reactions (1a) and (1b). To examine these arguments further, rotational distributions of HCl products from three different abstraction channels were investigated separately in our QCT calculations. Computed rotational level population distributions of HCl (v=0) products are presented in Fig. 4(b) . HCl products from all three pathways are rotationally cold (J ≤ 9). Although the secondary abstraction channel is more exothermic, the HCl rotational distributions are similar for primary and secondary abstraction channels; if anything, the primary channel favours slightly greater HCl rotational excitation. Boltzmann analysis of the populations gives rotational temperatures of 311  15 K for the primary-1 abstraction channel and 286  10 K for both the secondary-2 and secondary-3 abstraction pathways. These rotational temperatures are higher than experimentally observed because of slightly higher simulated population of J = 3 -6 levels, but both the computed and experimental population distributions peak at J = 2 ( Fig. 4(a) ). Pathways (1a) radical products (see Fig. 2 and Table 1 ). From the QCT outcomes, and the comparisons between HCl rotational excitation from Cl + n-pentane, ethane and neopentane reactions, we conclude that primary vs secondary abstraction cannot be distinguished from experimental measurements of the HCl rotational distributions alone.
HCl vibrational distributions
Computed vibrational level population distributions for the HCl products of the three different reaction channels are presented in Fig. 4(d) . No vibrationally excited HCl (v ≥ 1) was detected in our experimental measurements, for which the signal-to-noise ratio in the REMPI spectra was 20:1.
Therefore, we report the upper limit to be <10% for the formation of vibrationally excited HCl (v=1).
The QCT calculations also indicate  90% of HCl products are formed in their vibrational ground state, with no production of HCl (v  2). The degree of vibrational excitation of HCl from secondary abstraction channels is computed to be slightly higher than for the primary channel, which is likely to be a direct consequence of an earlier transition state in the former case. Velocity map images for HCl (v=0, J=1-3) products of reaction (1) are shown in Fig. 5 . The images are each averages of seven separate experimental measurements and are symmetrized about the relative velocity vector (shown in the inset Newton diagram). In principle, because of the experimental method, they require no further correction to extract angular scattering distributions in the CM frame.
HCl angular scattering distributions
The differential cross-sections, / Ω with Ω = , extracted from the experimentally obtained images for the J=1 and 3 products by integration over the full range of the radial (speed) coordinate are compared in Fig. 6(a) and show marginally greater sideways or backscattered products at higher J. However, the scattering strongly favours the forward hemisphere and peaks at a scattering angle of 0 o (defined to be parallel to the relative velocity of the reacting Cl atom). The angular distribution is slightly broader than our measurements for the Cl + ethane reaction.
We have previously argued that our method for determining angular scattering distributions might under-represent the contribution from backward scattering because the HCl products that are backward scattered have lower speeds in the laboratory frame. 23, 66 These slower products are more prone to secondary collisions with constituents of the n-pentane/Ar molecular beam, which can scatter them away from the probe laser. In our usual experimental configuration, the probe laser focus is located either centrally, or slightly above the centre of the n-pentane/Ar molecular beam. We tested any possible source of bias from this arrangement by moving the probe laser focus down by 2mm to favour detection of backward scattered products. We see only a modest enhancement of signal in the backward hemisphere, as shown in the Electronic Supplementary Information, and the error bars in Fig. 6 (a) incorporate our best estimate of under-detection at large scattering angles. However, our angular scattering distributions still contain a smaller component of backward scattering than those reported by Suits and coworkers at similar collision energies. 19 These previous experiments were performed using a crossed-molecular beam (CMB) apparatus coupled with VMI and involved ionization of the radical product rather than the HCl. The CMB images are contaminated by background signals associated with the alkane molecular beam that can mask the strongly forward scattered components of the differential cross section. Differences in our angular distributions and those of Suits and coworkers may, therefore, stem from the fact that we probe different products of the reaction, and therefore average differently over the unobserved co-product, or instead derive from the under-detection of backward scattered products in our experiments, and of forward scattered products in the CMB-VMI studies. The angular distributions that we report are strikingly similar to those obtained in the CMB measurements for faster recoiling products of the Cl + isopentane reaction with kinetic energy release greater than 20 kJ mol -1 , 19 but the CMB-VMI experiments also report a slower moving contribution that is isotropically scattered, and which we do not observe.
The QCT-computed angular scattering distributions of HCl (v=0, J=1) products from the Cl + n-pentane reaction, averaged over all product speeds, are shown in Fig. 6(b) . The HCl (v=0) is predominantly forward scattered for all three final rotational levels, and is in quantitative agreement (within experimental uncertainties) with the corresponding DCS extracted from our velocity map images, which is included in Fig. 6(b) . This agreement suggests at most a modest degree of undercounting of the back-scattered products in the current measurements. The QCT calculations also predicted DCSs for J>3 products, for which the branching ratios are too low to be observed in the experiments. These calculated DCSs shift systematically to larger scattering angles as J increases, as shown in Fig. 7(a) , consistent with our experimental outcomes and prior reports for Cl + alkane reactive scattering. 21, 43, 44 Fig. 6 Angular scattering distributions for HCl (v=0, J=1 and 3) from the Cl + n-pentane reaction obtained from the images of Fig. 5 (panel (a) ). Computed (black) and experimental (red) angular scattering distributions for HCl (v=0, J=1) are compared in panel (b) . All the distributions are normalized to sum to unity.
The quasi-classical trajectories can be sorted by product channel so that we can compare the differences in the reaction dynamics for the three competing abstraction pathways. The computed DCSs for HCl(v=0) products from the three channels are presented in Fig. 7(b) . The HCl is mostly forward scattered irrespective of abstraction from a primary or secondary site. However, reaction at a terminal carbon atom most strongly favours forward scattered products, while abstraction from the central carbon atom gives a greater backward scattering fraction. These central H atoms are accessible during collisions at low impact parameter (defined with respect to the centre of the n-pentane molecule), which favour rebound dynamics. The pronounced forward scattering peak for HCl products of reaction (1) is a signature of direct stripping dynamics that occur for collisions at large impact parameters. Any backward scattering can be attributed to lower impact parameter collisions. From previous analysis of angular scattering distributions, Rose et al. estimated an impact-parameter (b) dependence of the reaction probability (the opacity function, P(b)) for the Cl + neopentane reaction that is essentially constant up to the maximum possible reactive impact parameter bmax. 23 This analysis used a model deduced from QCT simulations in which the scattering angle and impact parameter are linearly related. Following the same analysis, we obtain the opacity function shown in Fig. 8(a) for reaction with n-pentane. The experimentally deduced reaction probability increases steadily with impact parameter up to almost its maximum value, reflecting the absence of any significant energy barriers to reaction and hence no stringent criteria for sufficient collision energy along the line-of-centres to reach the TS. The computed P(b) vs b plots, presented in Fig. 8(b) , are qualitatively similar to that estimated from the experimental DCS data using the model of ref. 23 . The maximum impact parameter values are 4.2 Å, 4.6 Å and 5.4 Å for secondary-3, secondary-2 and primary-1 pathways respectively, and the distributions peak at 2.4 Å, 2.7 Å and 3.7 Å. Collisions between Cl atoms and n-pentane molecules become less reactive at smaller impact parameters. Instead, larger impact parameter collisions are favoured in which HCl products mostly scatter in the forward direction following a glancing blow between a Cl atom and an n-pentane molecule. 
Product kinetic energy release distributions
Analysis of the radial dependence of the experimental velocity images shown in Fig. 5 gives the kinetic energy release of the HCl products, and through conservation of momentum arguments, the total kinetic energy release distributions for the two reaction products. These TKER distributions are plotted in Fig. 9 for products scattered into forward (0 o    60 o ), sideways (60 o    120 o ) and backward (120 o    180 o ) regions. We also compare the TKER distributions obtained by probing HCl(v=0, J=1,2 and 3) products with that derived from measurements of HCl(v=0, J=1) from the Cl + ethane reaction. The TKER limits for abstraction of a primary or a secondary H atom from n-pentane are indicated on the plots, and incorporate the effects of the estimated distribution of collision energies. Table 3 lists the average TKERs, expressed as a fraction of the mean collision energy (Ec) for ease of comparison with the results of Estillore et al. 19 whose CMB-VMI experiments were conducted at Ec = 35.1 kJ mol -1 . Black is for the primary-1 channel, red is for the secondary-2 channel and blue is for the secondary-3 channel. All the distributions are normalized to sum to unity. co-products at a similar mean collision energy (see Fig. 9 (c) and Table 3 ).
Several trends are evident from the plots in Fig. 9 . In each panel, the majority of the TKER distribution lies within the thermodynamic limit for abstraction of a primary H-atom, but a tail extends to the limit expected for secondary H-atom abstraction. The TKER distribution is shifted upwards in energy for the Cl + n-pentane reaction when compared to our measured distribution for Cl + ethane, but both peak at the same value of TKER / Ec = 0.72. The experimental data in isolation point to both mechanisms (1a) and (1b) being active, consistent with the room-temperature studies of Cl + propane and Cl + n-butane reactions by Tyndall et al. 36 and the CMB experiments for Cl + CD3CH2CH2CD3 by Estillore et al. 39 However, the relative contributions cannot be extracted from our experimental measurements and are better estimated from our QCT calculations (see Section 4.6).
The product TKER is larger for a reaction producing HCl(v=0, J=1) than for HCl(v=0, J=2), and the TKER is further reduced for the channel leading to HCl(v=0, J=3). The differences cannot be accounted for by the changes in rotational energy of the HCl, and therefore imply that additional rotational or vibrational excitation of the pentyl radical co-product accompanies greater HCl rotational excitation.
The mean values of the TKER distributions for forward, sideways and backward scattered HCl(v=0, J=1) products are, respectively, 23.5 kJ mol -1 , 20.5 kJ mol -1 and 19.5 kJ mol -1 . This trend is consistent with larger impact parameters that conserve a substantial fraction of the collision energy into product TKER causing the forward scatter, whereas low-b collisions and backward scatter allow greater coupling of the initial collision energy into internal degrees of freedom of the radical product. This argument is further supported by the scattering distributions of Fig. 6(a) and Fig. 7(a) , which show an enhancement of back scattered products as J increases.
Computed TKER distributions for the three competing reaction channels are shown in Fig. 9 (d) , and are narrower than the experimental measurements. H abstraction from the central carbon atom gives the fastest products, whereas the TKER distribution for the primary-1 pathway peaks at a similar energy to that for the secondary-2 channel. However, the TKER distributions for the secondary abstraction channels are broader. The averages of the QCT-calculated TKER distributions for primary-1, secondary-2 and secondary-3 abstraction channels are 9.7 kJ mol -1 , 11.8 kJ mol -1 and 14.0 kJ mol -1 respectively, which are all lower than the experimental observations. After accounting for the kinetic energy release to the products, the balance of the available energy from the reaction must be taken up by vibrational and rotational degrees of freedom of the pentyl radical. The discrepancy between experiment and simulation may therefore be a consequence of a classical treatment of the internal motions of the pentyl radical in the QCT calculations.
Branching between primary and secondary abstraction channels
The relative importance of the primary and secondary H-atom abstraction channels at our superthermal collision energies cannot be distinguished from our velocity map imaging measurements.
However, the QCT calculations allow us to extract the branching ratios. The simulations show the relative reaction cross-sections per hydrogen atom for the three reaction channels are 1.0 : 3. 
Dynamical stereochemistry
The likelihood of a chemical reaction occurring is influenced not only by the energies and locations of transition states along the reaction path, but also by steric constraints on the geometry for reaction.
A simple but convenient way to describe the steric requirements of a chemical reaction is the coneof-acceptance model, 65 but the textbook version of this model is inadequate in the case of a reaction with no true barrier. However, the geometrical requirements can be explored for Cl + alkane reactions on the basis of our QCT calculations on a PES that has been successfully tested against experimental REMPI and VMI data. Fig. 10 shows reaction cross sections plotted as a function of two internal coordinates, the polar and azimuthal angles of approach of the Cl atom with respect to the reactive C-H bond axis. The method of generation of these plots is described in the Electronic To ascertain the influence of purely geometric effects on the preferred angles of attack of Cl atoms at primary and secondary H atoms in n-pentane, a simpler model was also invoked. A batch of 50,000 trajectories was run in which all intra and intermolecular interactions were set to zero. In this geometric model, a trajectory was terminated if the distance between the Cl atom and any atom of the n-pentane molecule decreased to 1.5 Å. Those trajectories where the distance between the Cl atom and any H atom reached 1.5 Å were marked as reactive. The outcomes are shown in the top row of Fig. 10 for attack at primary and secondary H-atoms.
The various plots in Fig. 10 show that secondary abstraction is favoured for close to collinear ( = 0 o ) geometry of the TS, but that the angle of approach can be up to 60 o for successful trajectories. This range of attack angles is consistent with the scattering angle distribution of HCl products. However, primary abstraction is favoured for values of ~45 o , and a ~30 o range of angles. This deviation from collinear approach for primary abstraction might account for the production of slightly rotationally hotter HCl products than from secondary abstraction pathways.
Further analysis of the dynamical stereochemistry revealed by the QCT calculations shows that the PES is most attractive at a geometry where the chlorine atom can interact simultaneously with multiple H atoms (a C1-H and a C3-H, or a C2-H and a C4-H, or three C1-H together) instead of collinear approach to individual H atoms in the entrance channel. This propensity is illustrated schematically in the inset image in Fig.1 . These localised attractive regions of the PES encourage the C-H-Cl angle to deviate from the preferred collinearity in the TS, and reduce the reaction probability at low impact parameter. Hence, the detailed nature of the PES on the reactants' side can be linked to the preferred forward scattering of HCl products from the Cl + n-pentane reaction.
Conclusions
Comparisons have been drawn between experimental and computational studies of the Cl + npentane reaction at a collision energy of 33.5  8.4 kJ mol -1 . The experimental measurements used REMPI spectroscopy and velocity map imaging of nascent products to deduce rotational level population distributions and quantum-state resolved differential cross sections. These detailed The total kinetic energy release distributions for the HCl and pentyl radical products agree well with a previous report in which the pentyl radical was detected. The kinetic energy release is greater for forward than for sideways and backward scattered products. It decreases as the rotational quantum number of the HCl increases, indicating that greater rotational excitation of the HCl is accompanied by higher internal energy in the pentyl radical co-product. The QCT calculations underestimate the TKER of the reaction products; hence, on energy balance grounds, the calculations overestimate the internal energy of the pentyl radicals. The classical treatment of the vibrational modes of the pentyl products may be responsible for this discrepancy.
The EVB PES reported here is the first global PES for Cl-atom reaction with an alkane larger than methane 24 and ethane. 27 Critical comparisons with experimental measurements, albeit at a superthermal collision energy, suggest that the new PES is sufficiently accurate to describe well the reactive scattering dynamics of Cl atoms with pentane as a representative higher alkane molecule.
